I consider couplings between the dark energy and dark matter sectors. I describe how the existence of an adiabatic regime, in which the dark energy field instantaneously tracks the minimum of its effective potential, opens the door for a catastrophic instability. This adiabatic instability tightly constrains a wide class of interacting dark sector models. This talk was presented at, and will appear in the proceedings of the DPF-2009 conference.
Introduction
Modern cosmology demands the existence of two new components to the energy budget of the universe. Dark matter is necessary for structure formation to occur properly, and to account for numerous observations, such as gravitational lensing, the comic microwave background (CMB) and galaxy rotation curves. The discovery of cosmic acceleration requires a second source of new physics, which may come in the form of a modification to general relativity, but which is perfectly consistent with a cosmological constant or a dynamical dark energy component (for reviews see [1, 2, 3, 4, 5]) .
At a phenomenological level, this description is a remarkable fit to all current observations. However, at the level of fundamental physics the existence of dark matter and dark energy, comprising the vast majority of the contents of the universe, poses a critical challenge: how do these components fit into our microphysical theories of matter and energy? One way to search for such relationships is to explore observable consequences of interactions between dark components and baryonic matter. Examples of this are the search for the annihilation products of dark matter and collider searches for dark matter.
Alternatively, if dark matter and dark energy are to fit into a unified description, we might expect [6] that there would also be interactions between them. In this talk I briefly explored some consequences of such interactions, focusing on a possible catastrophic instability -the adiabatic instability -and a number of constraints on stable models. As with all proceedings with page limits, thorough referencing is impossible, and I have therefore referenced mostly review articles, and the papers I actually referred to in the talk.
Modeling Dark Couplings
I'll focus on the following action, encapsulating many models studied in the literature [7] ,
where g µν is the Einstein frame metric, φ is a scalar field which acts as dark energy, and Ψ j are the matter fields. The signature is (−, +, +, +) and I define the reduced Planck mass by m 2 p ≡ (8πG) −1 . The functions α j (φ) are couplings to the j th matter sector. The field equations following from this are
where I have treated the matter field(s) in the j th sector as a fluid with densityρ j and pressurep j as measured in the frame e 2αj g µν , and with 4-velocity u j µ normalized according to g µν u j µ u j ν = −1. For simplicity, let us neglect baryons, and consider a composite dark matter sector, with one coupled species with density ρ c and coupling α c (φ) = α(φ), and another uncoupled species with density ρ co and coupling α co = 0. Since these both represent types of dark matterp c =p co = 0, and it is convenient to set ρ j = e 3αjρ j to yield
and
Here the effective potential is given by V eff (φ) = V (φ) + e α(φ) ρ c , and the fluid obeys ∇ µ (ρ c u 
The Adiabatic Regime
The effective potential V eff (φ) may have a minimum resulting from the competition between the two distinct terms. If the timescale or lengthscale for φ to adjust to the changing position of the minimum of V eff is shorter than that over which the background Figure 1 : The effective potential felt by the dark energy field has contributions from the raw potential V (φ) and from the nontrivial coupling α(φ) of φ to the background dark matter density ρ. The resulting minimum allows for the possibility of an adiabatic regime.
density changes, the field φ will adiabatically track this minimum [8] .
In this case the coupled CDM component with φ together acts as a single fluid with an effective energy density
and effective pressure
Here φ m (ρ c ) is the solution of the algebraic equation
for φ. Eliminating ρ c between Eqs. (5) and (6) gives the equation of state p eff = p eff (ρ eff ). The coupled fluid acts as the source of cosmic acceleration, and in the adiabatic approximation the effective fluid description is valid for the background cosmology and for linear and nonlinear perturbations. Therefore, the equation of state of perturbations is the same as that of the background cosmology, and the matter and scalar field evolve as one effective fluid, obeying the usual fluid equations of motion with the given effective equation of state.
A necessary condition for the validity of the adiabatic approximation is that the lengthscales or timescales L over which the density ρ c varies are large compared to inverse of the effective mass of the scalar field. A more precise condition can be shown to be [9] 
This condition justifies dropping terms involving the gradient of φ from the fluid and Einstein equations.
Many dark energy models admit regimes in which this condition is satisfied for the background and for linearized perturbations over a range of scales.
In the adiabatic regime, the inferred dark energy equation of state parameter (neglecting baryons) is
with α 0 ≡ α(φ 0 ) the value today. Thus, w is precisely −1 today, and generically satisfies w < −1 in the past [8, 9] 
The Adiabatic Instability
The potential V (φ) may be written as a function V (α) of the coupling function α(φ) by eliminating φ. This gives, from Eqs. (5) and (7),
The square of the adiabatic sound speed, c
dρ eff dp eff = dρ eff /dα dp eff /dα
In the adiabatic regime the effective sound speed relevant for local perturbations in pressure and density, c
, tends towards the adiabatic sound speed and is always negative, since dV /dα must be negative so that Eq. (7) eff . The negative sound speed squared will cause an exponential growth of the mode, as long as the growth timescale ∼ L/ |c 2 s | is short compared to the local gravitational
, the instability will operate in the range of lengthscales given by
Here the quantity d ln V /dα(α) on the right hand side is expressed as a function of φ using α = α(φ), and then as a function of the density using φ = φ m (ρ c ).
In order for this range of scales to be non empty, the dimensionless coupling m p |α ′ | must be large compared to unity, i.e., the scalar mediated interaction between the dark matter particles must be strong compared to gravity (see also [10, 11] .
Understanding the Instability
There are two different ways of describing and understanding the instability, depending on whether one thinks of the scalar-field mediated forces as "gravitational" or "pressure" forces.
In the Einstein frame, the instability is independent of gravity, since it is present even when the metric perturbation due to the fluid can be neglected. In the adiabatic regime the acceleration due the scalar field is a gradient of a local function of the density, which can be thought of as a pressure. The net effect of the scalar interaction is to give a contribution to the specific enthalpy h(ρ c ) = dp/ρ c of any fluid which is independent of the composition of the fluid. If the net sound speed squared of the fluid is negative, then there exists an instability in accord with our usual hydrodynamic intuition.
On the other hand, in the Jordan frame description, the instability most certainly involves gravity. The effective Newton's constant describing the interaction of dark matter with itself is
where k is a spatial wavevector [9] . At long lengthscales the scalar interaction is suppressed and G cc ≈ G. At short lengthscales, the scalar field is effectively massless and G cc asymptotes to a constant. However, when m p |α ′ | ≫ 1 there is an intermediate range
over which the effective Newton's constant increases like G cc ∝ k 2 . This interaction behaves just like a (negative) pressure in the hydrodynamic equations. This explains why the the effect of the scalar interaction can be thought of as either pressure or gravity in the range of scales (14). Note that the range of scales (14) coincides with with the range (12) derived above, up to a logarithmic correction factor.
From this second, Jordan-frame point of view, the instability is simply a Jeans instability. In a cosmological background the CDM fractional density perturbation traditionally exhibits power-law growth on subhorizon scales because Hubble damping competes with the exponential (Jeans) instability one might expect on a timescale of 1/ √ Gρ. In our case, however, the gravitational self-interaction of the mode is governed by G cc (k) instead of G, and consequently in the range (14) where G cc ≫ G the timescale for the Jeans instability is much shorter than the Hubble damping time. Therefore the Hubble damping is ineffective and the Jeans instability causes approximately exponential growth.
Examples of Theories with an Adiabatic Instability

Exponential Potential and Constant Coupling
The canonical example is a theory with an exponential potential of the form
with λ > 0 and with linear coupling functions
where β = 2/3 and C is a constant. The effective potential is
and solving for the local minimum of this potential yields the relation between φ and ρ in the adiabatic regime:
Note that C must be negative in order for the effective potential to have a local minimum and for an adiabatic regime to exist. Restricting attention to this case, and defining the dimensionless positive parameter γ = −λ/βC, the corresponding effective mass parameter is
Using (11) we obtain the sound speed squared as
so this model is always unstable in the adiabatic regime. Eqs. (15) and (18) also yield
which allows one to calculate the range of spatial scales L min (ρ) ≪ L ≪ L max (ρ) over which the instability operates for a given density ρ, where
Thus, there is a nonempty unstable regime only when β|C| ≫ 1, ie with the scalar coupling is strong compared to the gravitational coupling, as we saw earlier.
To see the effect of the instability more explicitly, consider cosmological perturbations. The Einsteinframe FRW equation in the adiabatic limit is
where ρ ∝ 1/a 3 . This yields a(t) ∝ t 2/(3+3w eff ) , where the effective equation of state parameter is
In the strong coupling limit |C| → ∞, w eff → −1.
Thus the adiabatic regime of this model with large |C| is incompatible with observations in the matter dominated era, where w eff ≈ 0 except for at small redshifts. Nevertheless, the model is still useful as an illustration of the instability.
From (22), (23) and (24) the range of unstable scales is given by
where k is comoving wavenumber. This range of scales always lies just inside the horizon. A given mode k will evolve through this unstable region before it exits the horizon. One can then show that the perturbation evolution equation, specialized to the exponential model, and in the strong coupling limit |C| → ∞ is
In the strong coupling limit H is approximately a constant, H ≈ H 0 , and the growing mode solution is
where K 1 is the modified Bessel function. The mode grows by a factor ∼ e when the scale factor changes from a to a + ∆a, where ∆a/a ∼ aH 0 /k ≪ 1 for subhorizon modes. A more detailed analysis of the cosmology of this model is given in [12] , but in the non-adiabatic regime |C| ∼ 1 rather than the strong coupling regime |C| ≫ 1 considered here.
2.Two Component Dark Matter Models
As a more realistic example, consider models in which there are two dark matter sectors, a density ρ c which is not coupled to the scalar field, and a density ρ co which is coupled with coupling function (16) and exponential potential (15). Both of these components are treated as pressureless fluids. The FRW equation for this model in the adiabatic limit is
The first two terms on the right hand side of Eq. (29) act like a fluid with equation of state parameter given by (25), and in the strong coupling limit |C| ≫ 1 this fluid acts like a cosmological constant. Thus, the background cosmology can be made close to ΛCDM by taking |C| to be large. The fraction of dark matter which is coupled must be small in the limit of large coupling, |C| ≫ 1. De-
2 ) gives 1 = Ω V + Ω co + Ω c . Also from Eq. (18) it follows that, if the asymptotic adiabatic regime has been reached, Ω co = γΩ V , yielding
Since Ω c ∼ 0.3 today, and γ ≪ 1 in the strong coupling limit, we must have Ω co ≪ 1 today.
The maximum and minimum lengthscales for the instability are still given by Eqs. (22) and (23), but with ρ replaced by ρ co . Since ρ co is approximately a constant in the strong coupling limit, these lengthscales are also constants. If the parameters of the model are chosen so that Ω c ∼ 1 today, then
The evolution equations for the fractional density perturbations δ j = δρ j /ρ j in the adiabatic limit on subhorizon scales are given bÿ
The condition for the instability to operate is that the timescale associated with the second term on the right hand side of Eq. (33) be short compared with H −1 , or
Now the effective mass for this model is given by m
. Substituting this into Eq. (34) and using Eq. (30) gives the criterion k/(aH) ≫ 1. Therefore the instability should operate whenever modes are inside the horizon and in the range of scales (31).
These expectations are confirmed by numerical integrations. Figure 2 shows a numerical analysis of such a two component model with an exponential potential with λ = 2, strong coupling (C = −20), and typical cosmological parameters, H 0 = 70 km s Ω b = 0.05, Ω c = 0.2, Ω co = 0.05, and Ω V = 0.7. The existence of a dynamical attractor renders the final evolution largely insensitive to the initial conditions for φ, and the effect of the coupled CDM component peculiar velocity in the initial conditions can be neglected, since it is many orders of magnitude smaller than the density perturbation. The background evolution is entirely consistent with a ΛCDM like scenario. The large coupling drives the evolution to an adiabatic regime at late times, with an adiabatic sound speed c 2 a → −1/(1 + γ) as in (20). This drives a rapid growth in over-densities once in the adiabatic regime so that although consistent with structure observations at early times, they are inconsistent once the accelerative regime has begun.
In summary, these models provide a class of theories for which the background cosmology is compatible with observations, but which are ruled out by the adiabatic instability of the perturbations.
Conclusions
I have briefly discussed a broad class of models in which dark matter is coupled to a dark energy component, assumed to be responsible for the acceleration of the universe. Within these models, I have discussed a possible instability -the adiabatic instability -that arises in a range of cosmological and astrophysical settings, and which rules out a set of parameter values. I have discussed specific examples of models in which this instability is active, and it is worth noting that one may carry out similar analyses to constrain subclasses of chameleon and MaVan models.
